Rabbit renal papillary collecting tubule cells were isolated as a homogenous population and grown in primary culture. These cells were maintained in fully defined medium to inhibit fibroblast overgrowth and to facilitate labeling of endogenous inositol phospholipids with myo-2-4Hjinositol with high specific activity.
Introduction
With the development oftechniques for isolation and appropriate medium for propagation, the study ofrenal metabolism through the utilization of primary cultures has become practical. Distal tubular epithelia, in particular, serves as an interesting model system for the study of renal prostaglandin E2 (PGE2)' elaboration and its interaction with other effectors known to exert physiological effects at this site in the nephron. Several observations support this view. First, PGE2 inhibits vasopressin-induced cyclic AMP (cAMP) formation in intact cells (1) (2) (3) (4) , but in and of itself, PGE2 may induce cAMP formation (3) (4) (5) . Second, bradykinin (BK), a known inducer of PGE2 formation (6) , may negatively modulate vasopressin action (7) . In other tissues, for example, comparable kinin concentrations induce prostaglandin-dependent changes in short-circuit current and chloride phosphatidyl inositol; GPI4P, glyceryl phosphatidyl inositol 4 monophosphate; GPI4,5P2, glyceryl phosphatidyl inositol 4,5 bisphosphate; IBMX, isobutylmethylxanthine; iPGE2, immunoreactive prostaglandin E2; ICP, inositol 1,2 cyclic phosphate; I,4P2, inositol 1,4 diphosphate; I P, inositol I phosphate; I 1,4,5P3, inositol 1,4,5 triphosphate; PI, phosphatidyl inositol; PI4P, phosphatidyl inositol 4 monophosphate; PI 4,5P2, phosphatidyl inositol 4,5 bisphosphate; RPCT, renal papillary collecting tubule. transport (8, 9) . Third, distal tubular epithelia demonstrate polarity in response to BK-induced PGE2 stimulation (10) .
Although the interactive roles of arginine vasopressin (AVP), BK, and PGE2 have been the object of significant recent study, the precise manner in which BK induces its effect in renal tissue has not. In considering how BK binding might be transduced as a signal, it is reasonable to investigate the role ofphosphatidyl inositol and its congeners. BK, for example, induces PG formation in fibroblasts ( 11) and has been associated with degradation of phosphatidyl inositol in a fibrosarcoma cell line (12) . The association of BK stimulation with formation of polyphosphoinositides remains uninvestigated in renal epithelia. Finally, other effectors induce phosphatidyl inositol turnover in the kidney (13, 14) .
We report the characterization and labeling of primary cultures of rabbit renal papillary collecting tubule cells in the investigation of BK-stimulated PI turnover. was obtained from New England Nuclear (Boston, MA). '251I-succinyl cAMP was the generous gift of Dr. Kevin Martin, Washington University Medical School, St. Louis, MO. Cyclic AMP, PGE2, insulin, transferrin, sodium selenite, hydrocortisone, and triiodothyronine were purchased from Sigma Chemical Co. (St. Louis, MO). Dulbecco's modified Eagle's medium (DME) and Ham's F-12 medium both with and without inositol, were obtained from the Washington University Cancer Research Center (St. Louis, MO). Collagenase (type II) was purchased from Worthington Biochemical Corporation (Freehold, NJ). AG 1-X8 anion exchange resin (200 X 400 mesh, formate form) was from Bio-Rad Laboratories (Richmond, CA). 24-well cell culture dishes were from Costar (Cambridge, MA).
Isolation ofrenal papillary collecting tubule (RPCT) cells. Cells were isolated and plated as previously described (6) . In short, female New Zealand White rabbits (2-3 kg) were anesthetized with pentobarbital (50 mg/kg). The kidneys were resected and placed in cold phosphate-buffered saline. The papillae (0.5-0.8 mg) were dissected free and minced with a sterile razor blade. The tissue mince was then incubated in Krebs solution (37°C, pH 7.3, 10% CO2) and collagenase (1 mg/ml) for 90-120 min. Thereafter, the digestate was filtered through stainless steel mesh (200 Mm) and diluted 1:2, vol/vol in distilled water. The cell suspension was pelleted at 500 g(TJ-6 centrifuge; Beckman Instruments, Inc., Fullerton, CA) for 5 min, resuspended in phosphate-buffered saline, and repelleted. The final cell pellet was resuspended in the culture medium. Cells were plated at -5 X I04 cells/16-mm well.
Cell growth. Cells were grown without serum as previously described (15 (20) . For experiments investigating BK-induced PI turnover, cells were washed four times with Krebs buffer (37°C) and subsequently exposed to BK (l0-7 M) for variable times. After exposure, the incubation was terminated by aspiration of the supernatant and the addition of 250 Ml ice-cold acidified methanol (2.4 N HC1). Cells were scraped from the wells and the wells were rewashed with an equal volume of methanol. To this extract 500 Ml of chloroform and 500 Ml of H20 were added. The solution was vortexed and separated by centrifugation (500 g for 5 min). The interface and upper phase were rewashed with 1 cc chloroform and reseparated. The upper aqueous phase was separated and saved for future analysis. To the organic phase 500 Ml of 1 N NaOH in methanol/water (19:1, vol/vol) was added. After 20 min at 25°C, 1 cc chloroform, 600 Ml methanol, and 600 Al H20 were added. The phases were separated as before. The upper phase containing deacylated phospholipids was removed and diluted 1: 1, vol/vol with 10 mM sodium tetraborate. The upper aqueous phase from this solution was removed after centrifugation and analyzed as below.
The deacylated phospholipid fractions were applied to 12 X 0.75-cm columns containing 1 cc of anion exchange resin slurry (resin H20, 1:1; vol/vol). Serial elutions were performed with 10 cc each of 5 mM sodium tetraborate and 0.1 M ammonium formate; 0.1 M formic acid and 0.3 M ammonium formate; and 0.1 M formic acid and 0.75 M ammonium formate eluting, respectively, glyceryl phosphatidyl inositol (GPI), GPI-4-monophosphate (GPI4P), and GPI-4,5-biphosphate (GPI4,5P2)-
The water-soluble inositide fraction was applied to similar columns and serially eluted with 10-cc aliquots of water, 0.25, 0.1, 0.2, 0.5, and 1.0 M ammonium formate separating, respectively, inositol, GPI, inositol 1,2 cyclic phosphate (ICP), inositol-1-diphosphate (I1-P), inositol diphosphate (IDP), and inositol triphosphate (ITP). Both separations have been previously employed and validated (20, 21 
Results
Cell growth and morphology. Initial attempts were made to grow cells in 10% fetal calf serum and DME, as previously reported (6) , but it was noted that fibroblast proliferation occurred after 7-10 d in culture (data not shown). No fibroblasts could be detected either by light or electron microscopy in cells grown in fully defined medium. Cells grown in this latter manner, however, plated less efficiently with only 20-30% adhering after 24 h as opposed to 60-70% grown in fetal calf serum. The use of inositol-free medium had no discernible effect on the ability of cells to adhere and reach confluency when compared with those grown in inositol replete medium. Cells typically took 5-6 d to reach confluency. The lack of PGE1 in the culture medium had no discernible effect on cell viability or morpholoy. Fig. 1 displays light microscopic findings typical for confluent cultures. These cells were polygonal in appearance. No elongated cells, typical for differentiated fibroblasts seen in serum grown cells, were observed. Hemicysts, felt to represent active transport of solute from apical to basolateral surfaces (6), were commonly observed in confluent cultures when medium was not changed for 48 h. Fig. 2 shows the electron microscopic appearance of these cells. Of note are the short microvillous projections, sparse mitochondria, and granular cytoplasm. Tight junctions were readily observed between cells. Cells grown past confluency typically did not remain adherent after 3-4 d.
cAMP and iPGE2 production. The characterization of these cells was confirmed further by incubations with AVP and BK. (Fig. 5) . Both lipid and water-soluble components were readily resolved by the chromatographic system employed ( Fig. 6 A, B) . The amount of myo-[2-3H]inositol extracted as free inositol composed 55-65% of the total phosphoinositides. The inositol containing lipid and water-soluble components, could be reliably detected and compared with one another as a percent of total incorporated counts. AVP via a cAMP-independent mechanism (5). Renal medullary interstitial cells produce PGE2 in response to AVP, angiotensin II, and BK (27, 28) .
The characterization of these cells is most consistent with RPCT cells. The morphological appearance by electron microscopy demonstrates a homogenous cell population with junctional complexes and microvillous-like structures. The lipidladen vacuoles, typical for medullary interstitial cells (25) , were not seen. Cells were grown without serum, shown previously to be an important contributant to fibroblast growth (16). Finally, cells responded to AVP and BK with elevations in cAMP and iPGE2, quantitatively and temporally consistent with previous observations (6, 29) . The observation that RPCT cells can be maintained in inositol-free medium appears to be new.
This study provides two observations that support the association between PI turnover and PGE2 elaboration in RPCT cells. First, PI turnover, and specifically I1,4,5P3 labeling, is temporally consistent with PGE2 production. Second, the dose response curve and specifically the ED50 for BK elaboration of I (13, 20) . Whether the tendency for I 1,4,5P3 to rise before Il ,4P2 represents the result ofa specific phosphatase acting upon Il1,4,5P3 or the action of phospholipase C upon PI4P remains unclear given the limited sensitivity of these methods as well as the current inability to measure directly the mass of the inositol polyphosphates. Similarly, whether the time required for I 1,4,5P3 to rise is indicative of the kinetics of phospholipase C action or simply the finite time required for BK to diffuse toward and bind to the cell surface remains unanswered. The apparent precedent rise in Il1,4,5P3 compared with I1,4P2, however, is not consistent with the recent suggestion that hormonal stimulation involves a PI4P-specific phospholipase C following formation of PI4P from P14,5,P2 (32) .
The apparent reversibility in levels of the inositol polyphosphates may represent the result of one or more phenomena. These would include, for example, substrate depletion, receptor _.
--' 1/' ---, A second, unaddressed issue concerns the functional roles of PI turnover in RPCT cells. It is probable that inositol polyphosphate release serves a role separate from that of diacylglycerol, the other product of phospholipase C action. The main consideration for such a role includes changes in intracellular calcium. In support for such an effect being operative in RPCT cells, it has been shown that the divalent ionophore A23 187 can induce PGE2 release (6) . I1,4,5P3 has been suggested to induce Ca2+ mobilization in both saponin permeabilized liver cells (35) and pancreatic cells (36) . Intracellular release of free Ca2' may therefore be an important factor in PGE2 elaboration in RPCT cells. A second, less substantiated role for inositol polyphosphates may involve the induction of greater membrane fluidity (37) . Discerning the specific role of such effects in PGE2 elaboration, ion or water transport, or modulation of vasopressin action requires further study.
These biochemical considerations provide potential direction for the further study of the now documented antagonism of kinins and vasopressin (38) . Calcium has been demonstrated to play an important role in arachidonate release and thus in PGE2 elaboration. PGE2 has been reported to inhibit cAMP formation at physiologic levels (10) . Calcium ion, however, may play an important inhibitory role apart from that of prostaglandin formation. In nonmuscle cells for example, calcium may regulate the arrangement and organization ofcytoskeletal elements (39) . Because cAMP-dependent and calcium-dependent protein kinases have been described in association with cytoskeletal proteins in other tissues, it is not unreasonable to suspect that these kinases may play a role in distal tubular epithelia and specifically in sodium and water transport (40, 41) . Support for this view rests on the ability of bradykinin to mobilize intracellular calcium. Preliminary data in Quin 2-labeled papillary collecting tubule cells support this observation (unpublished observations).
In summary, RPCT cells can be grown in fully defined media and labeled with sufficiently high activity to study changes in free polyphosphoinositols. BK, a potent effector of PGE2 release, induces marked changes in PI turnover with increased labeling of free polyphosphoinositols.
